The question of whether or not the size of an area of myocardial infarction, measured at 1 wk after coronary occlusion, can be influenced by coronary artery reperfusion was examined in dogs. In seven control experiments the anterior descending coronary artery was ligated, while in seven other studies the occlusion was released after 3 hr. In all animals calibrated photographs were used to assess the zone of hypoperfusion and the acutely injured area of epicardial ST segment elevation, as well as the extent of damage at postmortem 1 wk later. In control dogs, the gross infarct size at postmortem averaged 63.8±7.3% of that predicted from the acutely injured zone. However, in reperfused hearts the average gross infarct size at 1 wk was only 10.2±4.4% of that predicted. Transmural specimens were obtained at autopsy for histology and measurement of myocardial creatine phosphokinase (CPK) activity from sites initially used for epicardial electrocardiography. In control animals, there was a direct relationship between the degree of ST segment elevation and the degree of cell necrosis in transmural histologic sections. ST segment elevation also predicted myocardial CPK (international units per milligram protein): log CPK = − 0.0613 ST + 1.17 (r = 0.66, n = 56 sites). In the reperfused animals, log CPK = − 0.166 ST + 1.36 (r = 0.69, n = 46 […] Find the latest version: 
A B S T R A C T The question of whether or not the size of an area of myocardial infarction, measured at 1 wk after coronary occlusion, can be influenced by coronary artery reperfusion was examined in dogs. In seven control experiments the anterior descending coronary artery was ligated, while in seven other studies the occlusion was released after 3 hr. In all animals calibrated photographs were used to assess the zone of hypoperfusion and the acutely injured area of epicardial ST segment elevation, as well as the extent of damage at postmortem 1 wk later. In control dogs, the gross infarct size at postmortem averaged 63.8±7.3% of that predicted from the acutely injured zone. However, in reperfused hearts the average gross infarct size at 1 wk was only 10.2+4.4% of that predicted. Transmural specimens were obtained at autopsy for histology and measurement of myocardial creatine phosphokinase (CPK) activity from sites initially used for epicardial electrocardiography. In control animals, there was a direct relationship between the degree of ST segment elevation and the degree of cell necrosis in transmural histologic sections. ST segment elevation also predicted myocardial CPK (international units per milligram protein): log CPK = -0.0613 ST + 1.17 (r = 0.66, n = 56 sites). In the reperfused animals, log CPK =-0.166 ST + 1.36 (r = 0.69, n = 46 sites) showing almost complete preservation of CPK activity at 1 wk, sparing being most prominent in the epicardial zone. Similarly, there was a good correlation between myocardial CPK activity and the histological assessment of cell destruction, the degree of cell damage = -0.152 CPK + 3.86 (r = 0.86; n = 102 sites). Thus, control dogs showed severe myocardial CPK depletion INTRODUCTION In the recent past, a more complete understanding of the determinants of myocardial oxygen consumption has become available (1) and their relevance to acute myocardial infarction assessed. Several factors which influence myocardial oxygen demand have been shown to alter the extent of myocardial infarction (2) . It also has been contended that increasing the supply of oxygen to the myocardium by means of coronary artery bypass may limit the extent of myocardial infarction in patients (3, 4) ; however, so far there is no direct experimental or clinical evidence that reestablishment of blood supply through a previously occluded coronary artery can influence the extent of subsequent myocardial necrosis. In area of myocardium appeared to cease contracting. In initial experiments, the area of hypoperfusion was shown by color photographs after left atrial injection of 10 ml of 4% buffered methylene blue solution. In a number of these animals, the experiment was later terminated acutely because of ventricular fibrillation. In other experiments, color photographs were taken of the area of cyanosis on the surface of the left ventricle. The volume of acute cellular damage was then estimated as the product of the area of myocardial injury and average left ventricular wall thickness, the latter being measured at autopsy from calibrated photographs (Fig. 1) .
In all experiments, arterial pressure was monitored througlhout the procedure by means of a Statham pressure trans(lucer (Stathamii Instrulmenits, Inc., Oxnard, Calif., mo(lel P'23D)b) and recorded togetlher xwith stanidard electrocardiographic leads an(l thie epicardial electrocardiogramii oii a Clevite Brush oscillograph (Clevite Corporationi, Gould, Inc., Cleveland, Ohio).
During the week of the experiment all animals were restricted in caged quarters. 1 wk later after anesthesia and thoracotomy the animals were killed by rapid excision of the heart. In each study, the heart was weighed and cut into parallel slices. The slices were made perpendicular to the apex to base axis and each slice was approximately 10 mmn thick. Color photographs were taken of the upper and lower surfaces of each slice, and the area of infarction was measured by planimetry, each photograph being calibrated by means of a standard reference grid. The volume of infarcted tissue within each slice then was determined as the product of the mean area of infarction and slice thickness.
Myocardial specimens also were obtained for determination of myocardial creatine phosphokinase (CPK) activity and for histological examination at the same sites at which epicardial mapping had been recorded 1 wk earlier. CPK activity was measured as described by Kjekshus and Sobel (6) and expressed as international units per milligram protein (5). Transmural sections obtained for histology were fixed in 10% formalin and stained with hematoxylin and eosin. One complete transmural section from each block was examined microscopically by an independent observer who was unaware of the relation between sample sites and the experimental protocol.
Since an infarct of 1 wk's duration contains early reparative processes as well as degenerative changes, the criteria used for determining the extent of infarction in any given transmural specimen included: (a) the presence of granulation tissue; (b) loss of cross striations; (c) karyorrhexis; (d) karyolysis. The extent of infarction was graded (0 to ++++) depending on the estinmate of the relative amounts of normal and infarcted tissue in each transmural specimen: 0, no infarct, +, less than 25% infarction; +1+, 25-50% infarction; +++, 50-75% infarction; +++±, 75-100% infarction.
RESULTS
Acute myocardial infarct size and size at 1 wk
In all experiments the area of acute myocardial injury after coronary occlusion was delineated by means of epicardial mapping, and the area of hypoperfusion was assessed by calibrated photography (Fig. 1) . In initial experiments, a good correlation was found between the area of hypoperfusion as demonstrated by left atrial injection of methvlene blue, and the area of 2718 cellular injury estimated by the abnormal epicardial electrocardiogram (Fig. 2) . A similar relationship was found between the area of cyanosis and the area of cellular injury assessed by epicardial mapping (Fig. 2) .
Control animnals. At postmortem at 1 wk in control dogs, myocardial infarction was characterized in every instance by a large, well defined hemorrhagic area of necrotic tissue which was dominantly subendocardial in situation but which in each case extended transmurally to the epicardium at several points. This hemorrhagic region was bordered by a less well defined gray zone of granulation tissue which, in turn, was surrounded by normal appearing myocardium. The anatomic infarct size, defined by the area of hemorrhagic necrosis, was measured by the planimetric method described earlier. (Table I) .
Reperfused animiials. A difference in the gross appearance of the sliced heart specimens was readily apparent between control and reperfused animals. There was no evidence of hemorrhagic infarction in four of the reperfused dogs, and in the other three animals only very small areas of hemorrhagic infarction were evident. In reperfused animals, the gray zone of granulation tissue, although present, was less readily distinguished from normal tissue than in control dogs. In reperfused dogs, the average infarct size at 1 wk was only 10.2±4.4% of that predicted acutely (Table I) .
The difference between the percentage decreases in acute infarct size and infarct size measured at 1 wk in control and reperfused animals was highly significant ( As shown in Fig. 3 , in control animials there was a relationship between the degree of ST segment elevation and histologic assessment of cell necrosis, the degree of ST segment elevation predicting the extent of cell damage. In reperfused hearts, for a given degree of ST segment elevation there was much less evidence of tissue necrosis compared with the control experiments (Fig. 3) .
Myocardial CPK levels
A direct relationship existed between the histological assessment of cell destruction and mvocardial CPK activity in each transmural biopsy (Fig. 4) . In tissue sparing was evidenced by near normal CPK activities and much more limited cell destruction.
MIyocardial tissue salvage in the reperfused animals also was expressed by comparing the degree of ST segment elevation 15 min after coronary occlusion and mvocardial CPK activity at the same sites 1 wk later. It was shown. that for any given abnormal degree of ST segment elevation, mnvocardial CPK activity remained significantly higher in reperfused dogs than in control animals (Fig. 5) . and the difference between the respective correlation coefficients was highly significant (P<0.001) (Fig.6) .
On the basis of histological examination tissue sparing in reperfused hearts appeared to occur primarily toward the epicardial surface. In order to examine further the distribution of tissue damage, CPK determinations were made in the endocardial and epicardial portions of each transmural specimen obtained from areas of acute injury. In control dogs, the average epicardial and endocardial CPK activity was 5.3±0.9 IU/ mg and 2.6±0.8 IU/mg, respectively. In contrast, in 2720 Ginks, Sybers, Maroko, Covell, Sobel, and Ross s reperfused animals, the mean epicardial CPK activity was 18.7±0.9 IU/mg and the average endocardial CPK activity was 10.5±0.9 IU/mg. The difference between epicardial and endocardial CPK activity was significantly greater in treated compared with control animals, P<0.01 (Fig.7) . DISCUSSION It is recognized that ischemic injury to the myocardium initially causes potentially reversible cellular changes, which then gradually become permanent as unrelieved ischemia progresses to cell death. However, the interval between the onset of coronary occlusion and the time at which myocardial tissue injury is no longer reversible has been the subject of much investigation, and the question of whether or not the degree of tissue necrosis is altered after varying periods of transient coronary occlusion has not been resolved.
In 1941, Blumgart, Gilligan, and Schlesinger (7) and Savranoglu, Boucek, and Casten (12) reported a rise in coronary sinus GOT after coronary artery occlusion; this elevation was persistent if the occlusion was continued to 60 min, but attenuated when the coronary obstruction was released at 40 min.
Detailed information concerning the acute structural alterations which follow coronary artery occlusion have been summarized by several investigators (13) (14) (15) and 60 min after coronary occlusion (16, 17) . Recent studies by Jennings, Herdson, and Sommers (18) , for example, demonstrated marked functional changes in mitochondria damaged by 60 min of ischemia characterized by impairment of pyruvate nmetabolism, depressed capacity to metabolize succinate, and a fall in mitochondrial nitrogen content.
Because of the wide biological variation in the coronary artery anatomy and collateral circulation of the canine heart, it has been difficult to assess the extent of reversibility of cell injury after coronary occlusion (19, 20) . However, in the present study the methods employed allowed anatomic infarct size at 1 wk to be compared with infarct size estimated acutely in the same animal, thereby allowing each animal to serve as its own control. Our experiments indicate that a very significant reduction in the extent of myocardial tissue damage is effected by coronary artery reperfusion, the salvage of myocardial tissue confirmed both by histologic examination and assay of myocardial CPK activity. It is possible that such reductions in infarct size are to a varying degree dependent upon the availability of collateral circulation. In this study several animals from both groups were excluded from the analysis after direct electrical defibrillation, since it was not possible to determinie at 1 wk how much myocardial damage might have resulted from fibrillation and the electrical countershock injury. Lack (22) who demonstrated that the intermediate zone continued to enlarge for a period of up to 18 hr after coronary occlusion, after which the area of central necrosis expanded at the expense of ischemic tissue. That such marginal tissue remained viable was undoubtedly related to the ability of a noncontractile or hypocontractile myocardial cell to maintain basic energy requirements in the face of a reduced oxygen supply (23, 24) .
It may be concluded that coronary artery reperfusion after a period of 3 hr of occlusion limits the extent of the established nyocardial infarction at 1 wk in the dog by improving oxygen supply to the zones of ischemia. Froml a practical point of view, these studies tend to support a possible place for direct coronary artery surgery after recent myocardial infarction. However, important species differences could limit the direct extension of these studies to the clinical setting since in man there is usually evidence of diffuse coronary artery disease. The maximum time interval at which injury to cells may remain reversible has not yet been determined, but some evidence suggests that it may be as long as 18 hr after infarction (22) . Further studies to examine the time constraints for tissue salvage and nmaintenance of v-ascular integrity currently are uinderwa.
